We have developed a process for spontaneous assembly of carbon nanospheres on aligned or nonaligned single-walled carbon nanotubes (SWNTs) by virtue of plasma-enhanced chemical vapor deposition (PECVD). The formation of carbon nanospheres with a uniform size of 30-60 nm is a catalyst-free process and strongly dependent on the applied plasma power and other factors. Both co-deposition and post-deposition approaches have been developed for effective assembly of carbon nanospheres on SWNTs. Furthermore, the method developed here also allows us to tailor the density and size of carbon nanospheres along nanotubes in a controllable way. The heterojunction structure based on different types of carbon demonstrated in this study represents a new hybrid manner for building complex systems which are promising for various applications.
Introduction
Over the past decades, much effort has been made to synthesize nanoscale materials because of their unique properties compared with the bulk materials [1, 2] . By creating nanostructures, it is possible to control the fundamental properties of materials through the size/shape effects. This should, in principle, allow us to develop new materials and devices with desirable properties and functions for numerous applications. Many types of nanostructures with zero-, one-and two-dimensional morphologies have been achieved, giving rise to a variety of important technological applications associated with the low dimensionality combined with the quantum confinement effect [1, 2] . On the other hand, controlled assembly of these low-dimensional nanostructures into well-ordered architectures is also of interest and scientific importance in the fabrication of advanced devices and systems [3] [4] [5] .
Since the discovery of fullerene C 60 [6] and carbon nanotubes [7] , a new research field of 'nanocarbon' has been triggered and related nanostructures, such as tubes [8, 9] , onions [10] and spheres [11] [12] [13] , have been widely studied due to their unique size, shape and structure and associated chemical and physical properties. Modification of carbon nanostructures could improve their integration in practical materials and systems, and therefore could provide a route to integrating carbon nanostructures into devices by rational assembly and/or further functionalization [8, 9] . The assembly of these 'nanocarbons' into nanoscale carbon superstructures such as fullerene-embedded, fullerene-attached and graphitic platelet-grafted carbon nanotubes [14] [15] [16] [17] [18] has attracted extensive attention. We, along with others, have made advances in introducing diverse valuable nanocomponents, such as metal nanoparticles [19] , polymer nanocrystals [20] or biomacromolecules [21] , into carbon nanotubes. We have also found that size-/shape-controlled metal nanoparticles can be assembled onto aligned or nonaligned multi-walled carbon nanotubes [22] in a desired manner. In this study, we will report a novel 'nanocarbon' hybrid architecture of singlewalled carbon nanotubes (SWNTs) decorated with carbon nanospheres.
0957-4484/10/305602+08$30.00 Like other carbon nanomaterials, carbon nanospheres have also been studied extensively for many years due to their intrinsic similarity to other carbon nanomaterials plus their unique structural characteristics. They are promising for applications in lubricating materials, special rubber additives, the fabrication of diamond films, high strength composites, gas storage media, semiconductor devices, catalyst supports, etc [23, 24] . Herein, by using plasma-enhanced chemical vapor deposition (PECVD), we will demonstrate the spontaneous assembly of carbon nanospheres with a narrow size distribution of approx. 30-60 nm onto SWNTs in an aligned or nonaligned fashion. In particular, unlike the conventional growth of carbon nanospheres using transition metal catalysts [11] [12] [13] , the formation of carbon nanospheres is a catalyst-free process and independent of the growth of SWNTs, which hence is versatile for decorating SWNTs through the co-deposition and post-deposition approaches. In addition, the density and size of the deposited nanospheres can also be effectively tailored by adjusting the reaction time and gas-phase heat process.
Experimental details
A vacuum PECVD system similar to that mentioned in our previous publications [25, 26] was used to spontaneously deposit carbon nanospheres onto SWNTs. In a typical experiment for co-deposition of carbon nanospheres and aligned SWNTs, a thin film of 1 nm Fe was vacuumdeposited on an SiO 2 /Si wafer pre-coated with a 10 nm thick Al layer onto the SiO 2 surface. The film thickness was determined by a quartz crystal thickness monitor. The Al coating was used to effectively prevent the Fe catalyst from aggregation for SWNT growth.
We placed the catalyst-coated substrates on an open quartz boat which was quickly inserted (<5 s) from the cool zone (25 • C) of the downstream side into the center of a plasma-enhanced (80 W, 13.56 MHz) tube furnace heated at 750
• C for 10 min under a unitary gas of C 2 H 2 (50-80 mTorr; 99.8% grade, Airgas). The C 2 H 2 gas flowed through the furnace after being activated by the on-line plasma. The system was equipped with an inductively coupled radio-frequency (13.56 MHz, CESAR RF power generator, Dressler) plasma source located near the gas inlet. Finally, carbon-nanosphere-decorated vertically aligned SWNT arrays are formed on the Si wafer. For the post-deposition of carbon nanospheres onto SWNTs, we put aligned or nonaligned SWNTs at the center of the tube furnace. C 2 H 2 gas (50-80 mTorr) flowed through the furnace at 750
• C with on-line plasma (80 W) for 10 min. Carbon nanospheres spontaneously formed on the SWNT samples.
SEM imaging was performed on a Hitachi S-4800 high resolution scanning electron microscope. An energy-dispersive x-ray spectroscopic (EDX) detecting unit was used for the elemental analysis. TEM images were taken on a Hitachi H-7600 transmission electron microscope. The samples were prepared by dispersion of carbon-nanosphere-decorated SWNTs in ethanol under 2 min ultrasonication, followed by transferring to TEM grids. Raman spectra were obtained using an inVia micro-Raman spectrometer (Renishaw) with a 785 nm laser. The electrical properties were measured by using a CHI660D electrochemical workstation.
Results and discussion
As can be seen in figure 1(a), the as-synthesized nanotubes from the co-deposition method aligned well on the substrate surface with uniform tubular length of approx. 50 µm. The corresponding cross-sectional view under a higher magnification shows that the formed nanospheres with a size of approx. 30-60 nm hang along the loosely packed 'bundles' of nanotubes ( figure 1(b) ). Figure 1 (c) shows the individual nanotubes decorated with nanospheres. The transmission electron microscopic (TEM) image in figure 1(d) further reveals that the nanospheres are solid, and also indicates that, even though undergoing the sample preparation process under ultrasonication in ethanol for TEM imaging, the solid carbon nanospheres are still firmly attached to the nanotubes ( figure 1(d) ). The high resolution TEM image in figure 1(e) confirms the single-wall nature of thus-prepared nanotubes. It was also found that the as-synthesized SWNTs are fairly clean with little coverage of amorphous carbon, implying that the formation of nanospheres has a negligible influence on the growth of aligned SWNT arrays. The high resolution TEM image of carbon nanospheres in figure 1(f) reveals its basic structural characteristic of distorted graphitic layers, similar to those prepared through a CVD process reported previously [12, 27, 28] .
The EDX analysis presents the main C peak from nanotubes and nanospheres, accompanied by O and Si from the substrate, and Al and a trace of Fe from the predeposited catalyst ( figure 2(a) ). Despite the presence of carbon nanospheres, the Raman spectrum of the as-synthesized sample recorded with a 785 nm laser ( figure 2(b) ) clearly shows the resonant radial breathing modes (RBM) in the range of 130-280 cm −1 , which, once again, reveals the assynthesized nanotube arrays are SWNTs, consistent with the TEM observation in figure 1(e) . It seems in figure 1(f) that the formed carbon nanospheres are amorphous by TEM: however, the D band intensity in the Raman spectrum is still much lower than that of the G band. The intensity ratio of the G band to the D band is around 5.5, similar to the SWNT arrays synthesized by the PECVD process [25, 26] , which suggests almost all the decomposed carbon source was effectively and balancedly converted into carbon nanospheres and nanotubes.
To investigate the formation mechanism of carbon nanospheres, we put the pure Si wafer without any catalyst coating of Fe/Al into the furnace, undergoing the same codeposition process mentioned above. It was found that carbon figure 3 (c) also reveals that the characteristic of the thus-formed carbon nanospheres is consistent with those on the SWNTs and those reported previously [12, 27, 28] . EDX results confirmed that these as-deposited nanospheres are composed of pure carbon ( figure 3(d) ). These observations indicate that the formation of carbon nanospheres is not only independent of the growth of SWNTs, but also is a catalyst-free process different from the previously reported CVD method using transition metals as catalysts to grow carbon nanospheres [11, 12] . For the formation of carbon nanospheres by the catalytic CVD process, a carbon source (e.g. C 2 H 2 ) was activated by metallic nanoparticles and reduced to amorphous or graphitic carbon at high temperature. Finally, the metal-containing spherical carbon shells were formed. However, in the current study, the formation of carbon nanospheres dose not depend on the existence of metal catalysts but on the applied plasma and other factors as discussed below.
We explored the effect of applied plasma power on the formation of carbon nanospheres on SWNTs. As shown in figure 4(a) , at a low plasma power of 45 W, only aligned nanotubes were formed without the decoration of carbon nanospheres ( figure 4(a) ). The Raman spectrum in figure 4(e) revealed the single-walled nature of the assynthesized nanotubes but with a comparatively low ratio value (∼3.4) of G band intensity versus D band intensity (R (I G /I D ) ), indicating the applied plasma is not strong enough for sufficient decomposition of the carbon source and there exists a fair amount of amorphous carbon within this sample. As plasma power was increased to 80 W, we can find the enrichment of carbon nanospheres along the aligned tube length ( figure 4(b) ), while the R(I G /I D ) is as high as approx. 5.5 (figures 4(e) and (f)), despite the existence of carbon nanospheres. With plasma power of up to 115 W, aggregated carbon nanospheres were formed on the nanotubes (figure 4(c)), accompanied with the decrease of R(I G /I D ) (figures 4(e) and (f)) due to more deposited carbon nanospheres than those formed at 80 W. When a plasma power of 150 W was applied, the aligned nanotube arrays were fully covered with large amounts of amorphous carbon ( figure 4(d) ), which was accordingly revealed in the Raman spectrum with a much stronger D band ( figure 4(e) ). A plot of R(I G /I D ) as a function of plasma power was shown in figure 4(f). These results suggest the plasma power is critical to balance and/or control the formation of amorphous carbon, carbon nanospheres and nanotubes in spite of the difficulty of quantitative calculation. We also notice that the formed carbon nanospheres share a similar size of approx. 30-60 nm although a different plasma power was applied (figures 4(b) and (c)), which suggests that the nucleation and growth of carbon nanospheres in this study is insensitive to the plasma power applied once the reaction condition adapts to the formation of carbon nanospheres. Although the exact growth mechanism remains uncertain, it is believed that multiple factors must be involved in the formation of carbon nanospheres. When we replaced the carbon source of C 2 H 2 with CH 4 or C 2 H 4 , only aligned SWNTs were formed on the Si substrate, without any carbon nanospheres. The temperature range from 650 to 850
• C is applicable for the growth of aligned SWNTs with carbon nanospheres. It also seems that the growth of carbon nanospheres is sensitive to the pressure. At lower pressure (<40 mTorr), only aligned SWNTs were observed, consistent with our previous demonstration [26] . However, at higher pressure (>100 mTorr), low-quality aligned nanotube arrays covered with amorphous carbon were formed, which were similar to the case shown in figure 4(d) . On the other hand, the flow rate of C 2 H 2 had negligible influence on the formation of carbon nanospheres as long as the pressure was controlled within the region of 50-80 mTorr.
Due to the catalyst-free formation of carbon nanospheres independent of the growth of SWNTs, we can exploit the postdeposition method to directly decorate any SWNT samples with carbon nanospheres. For the post-deposition process, aligned or nonaligned nanotubes were placed in the center of the tube furnace, followed by flowing C 2 H 2 gas (50 mTorr) through the furnace at 750
• C with on-line plasma (80 W) for several minutes. As shown in figure 5 , after deposition for approx. 10 min, carbon nanospheres with fairly uniform sizes were inlaid onto aligned and nonaligned loosely packed nanotubes.
Furthermore, the post-deposition approach allows us to readily control the density of carbon nanospheres along the nanotube length. As can be seen in figure 6 , there is a strong time dependence of carbon nanosphere density observed. Upon a reaction time of 1 min, only approx. 15 nanospheres were formed along the nanotube length within a window of 60 000 magnification (figures 6(a) and (f)). After about 3 min, the numbers of carbon nanospheres increased to approx. 100 (figures 6(b) and (f)). Further increasing the reaction time up to 15 min caused a gradual increase in the density to approx. 600 carbon nanospheres (figures 6(e) and (f)). Figure 6 (f) is a plot of the carbon nanosphere numbers as a function of the reaction time, which clearly indicates an approximately linear increase of carbon nanospheres with the increase in deposition time. We also notice that longer reaction times caused no obvious change in the size of carbon nanospheres but a significant increase in the density of nanospheres along the nanotube length ( figure 6 ). Similar phenomena have also been observed for the deposition of carbon nanospheres on Si substrates. These observations suggest that nanosphere nucleation and growth are very fast (at least less than 1 min, figure 6(a) ) and carbon nanospheres may have been formed during plasma-activated decomposition of the carbon source before deposition onto the nanotubes.
Although the size of carbon nanospheres remains almost invariable at current deposition conditions, we can further tailor the diameter of nanospheres by a gas-phase oxidation treatment. As is well known, gas-phase oxidation can effectively remove the impurities (e.g. amorphous carbon) from carbon nanotubes [29] [30] [31] . Therefore, the size of carbon nanospheres composed mainly of amorphous carbon should also be able to be reduced by a gas-phase oxidation process. We take the carbon nanospheres on random SWNTs as an example to investigate the effect of gas-phase heat treatment on the size of nanospheres. As shown in figure 7 , the size of carbon nanospheres on nanotubes (figure 7(a)) dramatically diminishes when the sample is heated up to ∼520
• C in air for 20 and 40 min (figures 7(b) and (c)). The numbers of carbon nanospheres also decreases due to the burnout of small spheres. The decreasing trend and distribution of nanosphere sizes under heat treatment is revealed in figure 7(d) . The Raman investigation (figure 7(e)) shows the heat oxidation treatment has no negative effect on the nature of the SWNTs. A slightly increased intensity ratio of G band versus D band (R(I G /I D )) was observed due to the removal of amorphous carbon after the heating treatment.
To investigate the electrical properties of carbonnanosphere-decorated SWNTs, I -V measurement was carried out in terms of the set-up schematically shown in figure 8 . The gold films were coated on the two sides of the aligned nanotube samples by sputtering. The electrical properties for aligned SWNTs and Au-nanoparticle-decorated aligned SWNTs have also been included for comparison. Au-nanoparticle-decorated aligned SWNTs were prepared by using our previously developed SEED process [19, 22] . It is found that the carbonnanosphere-decorated SWNT arrays have similar electrical properties to those of pure aligned SWNTs (figure 8). I -V curves for both aligned SWNTs and nanosphere-decorated SWNTs display the characteristic of semiconducting SWNTs and almost overlap each other. These results indicate, unlike for the Au-nanoparticle-modified SWNTs with dramatically enhanced metallization (figure 8), the decoration of carbon nanospheres on SWNTs has negligible influence on the electrical properties of SWNTs. Therefore, the carbonnanosphere-decorated SWNT arrays not only preserve the intrinsic characteristic of SWNTs, but also possess the function of carbon nanospheres. The well-controlled aggregationfree dispersion of carbon nanospheres along aligned SWNTs provides additional advantages for diverse applications such as sensors, supercapacitors and batteries.
Conclusion
A catalyst-free PECVD process has been developed for the co-deposition and post-deposition of carbon nanospheres with a uniform size of 30-60 nm onto aligned and/or nonaligned SWNTs. The nucleation and formation of carbon nanospheres are independent of the growth of SWNTs. Applied plasma power was found to be critical for effective decomposition of the carbon source and for control over the production of nanospheres. Furthermore, the method developed in this study also shows the capacity to tailor the density and size of carbon nanospheres along nanotubes by controlling reaction time and heating oxidation temperature. The new hybrid structures of carbon-nanosphere-decorated aligned and nonaligned SWNTs could be useful for applications in electrochemical devices such as sensors, supercapacitors and batteries.
